A power cable is the most important part in a power transmission system. The cables must be total quality dedicated and certified for development, manufacturing and installation, however are exposed to a corrosive environment. The purpose of this paper is to show that the fast neutron radiography with a transportable system is a solution to find defects in the cables and reduce the cost of inspection. The design, regarding the materials considered, was compatible with the European Union Directive on "Restriction of Hazardous Substances" (RoHS) 2002/95/EC, hence excluding the use of cadmium and lead.
The electric utility industry has used power cables for transmission and distribution of electric power for years. The power cables currently in use are composed of polyolefins which have been the industry standard since the early sixties. High and medium voltage cables dominate the cable market segment. In a typical high and medium voltage cable ( Fig. 1) , copper or aluminium wires are used as the conductors. These conductors are covered with an extruded polymeric stress-control layer made of semi-conductive compounds. All high and medium voltage power cables have an insulation layer. If a conductor is energized at line voltage or potential, it is obviously necessary to isolate the conductor or line electrode from any ground or ground electrode. Insulating materials have to meet very demanding requirements just like high dielectric strength, low dielectric constant, low power factor, moisture resistance, high resistance to heat and high resistance to corona damage. The copper neutral wires are wound around the insulation shield and are usually covered with a thermoplastic polyethylene jacket for mechanical protection from the external environment and to reduce moisture intrusion into the cable, all of which can cause the premature cable failure [1] .
Cables consist of three major components: conductors, insulation and protective jacket. The composition of individual cables varies according to the application. The construction and material are determined by three main factors: rated voltage, conductor cross section and environmental conditions. Suitable materials must be used to achieve a good quality cable. Today sophisticated intermediate tests during manufacture of all material and of the completed cable core assure compliance with highest quality standards as mentioned in IEC 60502 Part 2 [2, 3]. However ca- Figure 1 . A typical medium voltage cable bles must be inspected and after manufacture, and often during their service life, to guarantee that their condition is suitable for their purpose. Non-destructive Testing (NDT) plays a vital role in assuring that cables perform their function in a reliable way. NDT can be defined as "inspections, tests, or evaluations which may be applied to a structure or component to determine its integrity, composition, electrical or thermal properties, or dimensions without causing a change in any of these characteristics" [4] .
Introduction
Radiography is the image records for internal structures of the object with X-rays, gamma rays, or neutrons passing through object to the film or detector. The image records used to be film, and now are digital image. Radiography today is one of the most important, most versatile, of all the NDT methods used by modern industry [5] . Neutron radiography (NR) is a powerful non-destructive testing technique frequently used, either on its own or as complementary to X-ray radiography, for the analysis of objects.
Imaging with neutrons works identically to the medical x-ray imaging. A sample is irradiated by a well defined beam with a small divergence and the transmitted neutron flux is measured by a position sensitive neutron detector. The grey levels in the radiography image correspond to the transmitted intensity of the object. Since neutrons are free particles, do not interact with the electrical charge of the electrons within atoms, but with the atomic nuclei. The thermal neutron mass attenuation coefficient shows no correlation with the atomic number. This unique feature makes a neutron capable of detecting elements or even isotopes that cannot be seen by X-ray. In contrast to X-rays, thermal neutrons are particularly attenuated by certain light materials (H, Li, B, C,) whereas they penetrate easily through heavy elements (Pb, Bi, U, W) [6] . The technique is widely used in security applications, in automotive and aerospace applications, engineering studies and industry in order to determine structural defects, geology, medicine and biological research, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In the high voltage cables there are simultaneously more than one light material (usually XLPE and PVC) which is practical impossible to distinct with the traditional X-ray systems [18] [19] [20] .
Most worldwide work in NR has been done using thermal neutrons. This occurs as a result of the availability of high-intensity thermal neutron beams from nuclear research reactors and neutron sources and because of the large variations among the neutron scattering and absorption cross sections of different elements. However, their use is basically limited to relatively thin objects. Fast neutrons are highly penetrating and are, therefore, attractive when bulky objects have to be investigated. For example, cracks in thick (10-30 cm) objects can be identified using fast neutrons. Fast neutron radiography (FNR) with neutron energies greater than 1 MeV, could open up a new range of possibilities for non destructive inspections. In order to produce good quality radiographies from an intense source of fast neutrons still requires some ingenuity, as fast neutrons are not very easy to collimate. This is due to the lack of sufficiently strong absorbers for fast neutrons which are needed to construct apertures or collimator walls. Nevertheless, fast neutron imaging systems can be effectively built and used. In perspective with thermal neutron there is little variation in attenuation among the elements when neutron energies are in the MeV range [21] [22] . However, the number of nuclei per unit volume does vary from element to element. Last but not least a transportable fast neutron radiography unit is not easy to set up because high energy neutrons require bulky shielding.
Materials and methods

The neutron generator and the radiography unit
In this work, a transportable unit for FNR, incorporating a Deuterium-Deuterium (DD) neutron generator, has been simulated using the MCNPX Monte Carlo code [23] . A transportable unit would offer the prospect to enlarge the range of applications of FNR. The aim of the work is to design a transportable unit, which is suitable to investigate medium and high voltage cables, ensuring simultaneously sufficient occupational radiation protection measures for the personnel in the neighbourhood of the unit. The proposed unit is designed according to article 4 of the RoHS Directive 2002/95/EC, regarding the choice of materials. Hence, lead, mercury, cadmium, hexavalent chromium, polybrominated biphenyls and polybrominated diphenyl ethers have been excluded from the design [24] .
A variety of neutron beams are available for fast NR, with their choice been a compromise between beam intensity and transportability for in-situ testing. Nuclear reactors and acceleratordriven neutron sources provide high intensity neutron beams at the expense of transportability. On the contrary, a range of commercially available isotopic neutron sources, such as 241 Am/Be and 252 Cf, can be easily incorporated in transportable radiography units, at the expense of beam intensity and require shielding enduringly.
The DD (Deuterium-Deuterium) neutron generators seem to be a smart choice because they produce neutrons, with energy approximately equal to 2.5 MeV, suitable for fast NR. Furthermore, they offer an on/of switching of the emitted neutrons. They have a compact size, logical cost and a relatively high neutron flux. In this work, a compact neutron generator from NSD-Fusion GmbH (model NSD-NG-1.25e9-DD-P) was simulated [25] . The NSD neutron generator has exceptionally long life due to its plasma target over a solid target (according to the company probably up to 40000 hours) without needing service. It is powerful portable neutron generator and capable of delivering 1.25 × 10 9 n s -1 . The neutron generator has cylindrical shape with overall dimensions 130 cm length and emission unit diameter 13.4 cm.
The system is designed in the form of one or more cylinders closed at one edge while the other edge (side) is open (Fig. 2) . The walls of the cylinders are made of shielding materials surround the neutron generator. Next to the open edge is the imaging neutron collimator of variable length. The cable under examination is placed, together with the image recording apparatus, in front of the collimator inlet next to the image plane, D.
Fast neutron collimator
The quality of fast NR imaging is determined by the collimator ratio (L/D) where L is the collimator length and D is the colli- mator aperture diameter. The considerable penetration of fast neutrons inside an object results to a geometric unsharpness u g given by the equation [26] (1)
where L D is the distance from the aperture to the image plane and t is the image surface to object distance. The imaging quality of a fast neutron radiography facility would be further characterized by the beam quality profile, described by the number of uncollided neutrons which reach the detector position within the neutron beam.
The lack of sufficiently strong absorbers for fast neutrons results in neutrons emerging from the walls of a collimator. Some of these re-merging neutrons can scatter towards the area of exposure projected by the collimator on the object. Scattering from the collimator walls would also produce slower neutrons that can change the energy of the extracted neutron beam. These epithermal or thermal neutrons downgrade the quality of the extracted beam, which should have the same energy distribution as that of the source (uncollided neutrons). Unfortunately the neutron moderating materials which are used to thermalise neutrons they are also good scattering materials. Scattering can get worse significantly the quality of the beam profile. Therefore, metals are found to be more suitable as collimator material for fast neutrons. Then, neutrons would be scattered away from the interior walls of a collimator following very few collisions, with an insignificant loss in energy. The low cost of iron (Fe) compare with tungsten, and the difficulties associated with tungsten fabrication, make the iron the best solution [27] .
The fast neutron collimator, considered in this work, comprises two parts (Fig. 3) . The first which is a conic convergent one, with a length of 14 cm and radii of 1.5 cm and 0.5 cm, inside a HD−PE cylinder with a radius of 8 cm. The second collimator which is a divergent one, with an inlet aperture of 1 cm, a variable length and walls made of 4 layers of different materials. These materials from the inside outwards are: 7 cm thick iron (Fe), 0.5 cm thick gadolinium (Gd), 2 cm thick PE−B and 1.5 cm Bi.
This first collimator is able to absorb some scattered neutrons and eliminate their energy and population towards the second collimator, therefore improving the quality of the beam profile. The aperture, placed between the two parts, is a combination of two materials: a 0.3 cm and 1 cm-thick layers of Gd and Bi used to absorb thermal neutrons while preventing the gamma rays generated within the other materials to reach the second collimator. In all circumstances there is a 2 cm thick layer of Bi at the latter stage of collimator, to provide shielding against any gamma-rays that may have been produced within the collimator's material by neutron activation. The object to detector distance controls the recording of scattered neutrons. Recording scattered neutrons leads to decreased imaging contrast. When the object to detector distance increase the scattered neutron intensity decreases by 1/t 2 but the source neutron intensity in the detector plane decreases because at the same time increase the distance from aperture to the image plane length of primary collimator.
In this paper two different cables investigated. The first is a medium voltage cable from Nexans Corporation (type 2XSY/1 × 120 RM/16) for 8.7/15 kV. The electric and insulation characteristics of the cables are given in Table 1 . Figure 4 shows a schematic side view of this cable. In Fig. 5 , the geometric configuration of a typical high voltage cable from the same company (type 2X(F) K2Y, 220/380 kV) is shown. In all simulation cables consist of the three major components (conductors, insulation and protective jacket) [28] [29] . Finally, the necessary shielding for radiation protection purposes was optimized using the MCNPX 2.5.0 code. A range of materials were considered (Table 2) , which would provide effective shielding while still rendering the unit transportable. Borated poly-
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Figure 3. The aperture geometry and the collimator for fast neutron radiography (not in scale) Figure 4 . The major components of a typical medium voltage cable ethylene (PE-B) is polyethylene with 5% boron and is widely used in neutron shielding applications because of its good nuclear and physical characteristics. In comparison with PE-B two advanced neutron shielding materials were studied, zirconium borohydride Zr(BH 4 ) 4 and magnesium borohydride Mg(BH 4 ) 2 [30] [31] . Bismuth (Bi) is an excellent material for gamma-ray filtering. The shielding material placed outside the DD neutron generator, comprise different materials with variable thicknesses, bearing in mind the transportability of the unit. The Dose Equivalent Rates (DER) was calculated at positions which are closest to the source, where the dose has the maximum value. 
Results and discussion
The shielding was designed taking into consideration: the RoHS directive, the weight and dimensions which would render the unit transportable and the annual occupational dose limit of 0.5 Sv (or 25 μSv•hr
). The total dose was calculated with the MC-NPX Monte Carlo code, using the F2, and Fm2 tallies combined with the DE and DF cards. The F tallies describe the neutron flux within a surface, while the two cards convert the absorbed dose to the Dose Equivalent Rate (DER). Calculations were performed for a total number of histories per starting neutron (NPS) of 10 8 yielding accuracy in the calculations of < 1%. Figure 6 shows the resulting dose rates at the surface of the transportable unit for different thicknesses of the shielding materials. The total dose comprises the neutrons and the photons, the latter been from the interaction of the neutrons and the moderator material. The total DER estimates, obtained for combinations of different layers of the materials shown in Table 3 , are given in Table 2 . PE-B is desirable for use in any location requiring neutron shielding; however Zr(BH 4 ) 4 , and specially the Mg(BH 4 ) 2 according to the Table 3 show superior shielding capability than the conventional materials such as PE-B. The suggested system comprises a collimator with a variable collimator length (L = 50 -150 cm), diameter of its aperture next to the image plane (D 0 = 14 -22 cm) and divergence angle (θ) of the beam (θ = 4.2 -8.0°), while the inlet aperture (D) of the collimator is 1 cm. Fast neutron fluxes (f F ) were calculated with the aid of MCNPX code using the F2 tally with NPS = 3 x 10 7 neutrons yielding an accuracy < 0.5% (Table 4 ). The object − detector distance (t) was considered to be 25. The distance between the end of the collimator and the detector was 2t. The collimator weight varies between 230 -680 kg. The calculated parameters for the fast neutron radiography system are shown in Table 4 . The uncollided fast neutron flux, In Fig. 7 a radiographic image of a typical medium voltage cable is presented. In the cable there are two defects, a small void sphere (1) with radius 0.75 cm and a second small sphere (2) with the same radius which contains water. Correspondingly in Fig. 8 a typical high voltage cable contain a small void sphere (3) with radius 0.75 cm. Both figures show that using fast neutrons from a DD neutron generator, the proposal transportable system is capable to detect defects in a cable. This methods are better than the using of X-rays in the inspection of medium and high voltage cables [18] [19] [20] because fast neutrons not only have good penetration in metals (Cu or Al) and heavy materials (Pb) but also there is variation in a light materials (XLPE, PVC).
Conclusion
A transportable system using a DD compact neutron generator has been simulated, for radiography purposes, using the MCNPX Monte Carlo code. All the materials considered were chosen according to the EU Directive 2002/95/EC, excluding lead and cadmium. The system was designed under the constraint that the DER should remain below the annual occupational dose limit. The design was optimized with respect to neutron shielding and collimation. Advanced neutron shielding materials, has been shown in this work to be the best candidate to replace PE-B when maximum portability is required. According to the results obtained, the proposed system has dimensions which render it suitable for transportation with a light stake truck. In relation to the results obtained, the simulated facility has a wide range of values for the parameters characterising the fast neutron radiographies resulting in radiographs of variable quality. Radiography with fast neutrons made possible in extracting internal defects of cables which is not possible through conventional methods which use X-ray imaging technique. 
